As animals progress from one developmental stage to the next, the nature of the challenges they face can change in systematic ways, as do the mechanisms that enable them to deal effectively with them. Here we examined the changes in the behavioral patterns and neuroendocrine mechanisms associated with exposure to a novel environment before and after the transition from a pre-to a post-pubertal stage of development in the unstriped Nile grass rat (Arvicanthis niloticus), a murid rodent that appears to live in family groups in the wild. We introduced juvenile (28 days old) and adult (60 days old) grass rats to a novel glass aquarium where they were kept for 1 h; controls were maintained in their home cages during this time. Animals were then killed, blood was sampled, and plasma corticosterone and testosterone were measured. Brains were collected and processed for immunohistochemical detection of Fos. Although behavior in the novel environment did not differ as a function of age, corticosterone secretion and Fos expression in a variety of stress-related brain regions were increased by the manipulation to a greater extent in the juveniles compared to the adults. The data suggest a pattern of development in which a novel environment that elicits the same levels of exploratory behaviors in young and adult animals triggers a greater response in stress-related brain regions as well as corticosterone secretion in the more vulnerable young ones. © 2006 Elsevier Inc. All rights reserved.
Over the course of life span development, the various challenges encountered by an animal change, as do the animal's responses to them. For example, young prepubertal animals don't engage in the myriad behaviors associated with reproduction, but they do have a greater need to explore and learn about their environment. Young animals are also typically more vulnerable to a greater range of potentially dangerous stimuli than are older animals. The overall balance between avoidance and exploration of a novel environment may thus shift as an animal develops from a pre-to a post-pubertal state. This type of change occurs in male Rattus norvegicus, in which exposure to a novel environment causes a decrease in social interaction with an unfamiliar conspecific, and this effect is more pronounced in older compared to younger animals [1] . A similar phenomenon also occurs in mice, in which exploration of a novel environment is elevated in pre-pubertal compared to post-pubertal animals [2] . The development of responses to a novel environment may not be the same across species as age-related patterns of vulnerability, as well as the demands for exploration, may differ. For example, dispersal from the natal home range is a high risk behavior that requires increased exploration and a decreased fear response, and it occurs at quite different developmental stages in different species [3] . A better understanding of how fundamental processes involved in exploratory behavior and stress mechanisms change across the lifespan warrants examination of how this occurs in additional species, particularly those that face demands that differ from those confronted by mice and laboratory rats.
In this study, we examined the development of behavioral, endocrine, and brain responses to a novel environment in preand post-pubertal Arvicanthis niloticus (also referred to here as "grass rats"). A. niloticus is a diurnal species with a social system quite different from those animals more typically used in studies Physiology & Behavior 90 (2007) 125 -132 of the development of fear and stress reactivity. These territorial rodents typically live in family groups consisting of one adult immigrant male, one or more related adult females, and one or two generations of offspring [4, 5] . In some respects, therefore, the social environments in which these animals develop suggest that grass rats could represent a better model of the human condition than do mice and lab rats. These family groups of grass rats live together in an underground nest from which animals emerge during the day to foray into the environment along runways that radiate outwards from the nest, to which they rapidly retreat when they are threatened. Adult males appear to leave their natal groups, a step that involves new challenges and dangers associated with a novel environment. In this study we evaluated the hypothesis that juveniles and adults exhibit different behavioral and endocrine responses to a novel environment. We also used Fos, the protein product of the immediate early gene c-Fos, to evaluate how neural circuits involved in fear, anxiety, and stress respond before and after puberty to the experience of the novel environment.
Methods

Animals
In male grass rats, the pubertal rise in testes weight begins around 26 days of age and is completed by 60 days, and testosterone rises steadily from 26 to 40 days of age (unpublished data). In this study, 25 juveniles (28 days old) and 24 adults (60 days old) were individually housed in polycarbonate cages, provided with ad libitum access to food and water and a metal food hopper they could use for shelter (referred to as the "home tube"). Animals were kept on a 12:12 light/dark cycle with lights on at 06:00 and tests were conducted and samples collected during the light phase of the cycle, between 11:30 and 14:30. All experiments were performed in compliance with Michigan State University All-University Committee on Animal Use and Care and in accordance with the standard in the National Research Council Guide for the Care and Use of Laboratory Animals.
Behavioral testing
On the experimental day, animals were tested using a modified version of the defensive-withdrawal test. At the time of testing, 12 juvenile and 12 adult males were removed from their cages and placed in a novel environment (10 gallon glass aquarium). This transfer was completed by picking up the animals in their home tubes, which were then placed in the novel arena; animals thus had a "secure base" from which to explore the new environment. After being placed in the testing arena, each animal was observed for 10 min, during which we recorded the latency to emerge from the home tube, the time spent exploring the novel environment, and the number of entries back into the home tube. In addition, the number of fecal boli left by each animal was recorded.
After completion of the observation session, each animal remained in the novel environment for an additional 50 min (total of 60 min). We chose to keep the animals in the novel environment so that they would not be handled again prior to euthanasia. This interval was chosen because previous studies have indicated Fos peaks at least 60 min after the onset of the behaviors with which it is associated [6, 7] . At this time, each experimental animal was euthanized with an injection of 0.5 ml sodium pentobarbital (i.p.). Blood samples were collected via cardiac puncture into heparinized tubes. Plasma was collected after centrifugation and frozen for later use. Control animals (13 juveniles and 12 adults) that remained undisturbed in their home cages through the test period were euthanized, sampled, and perfused alongside experimental animals.
Hormone levels
Plasma levels of corticosterone and testosterone were measured in each blood sample. Corticosterone was measured using a radioimmunoassay (RIA) kit developed for lab rats (Diagnostics Products Corp, Los Angeles, CA). In the laboratory rat, levels of corticosterone secretion typically undergo a robust circadian rhythm with peak values occurring during the active phase of the day; this appears to be true in grass rats as well, as plasma corticosterone taken from these animals at 04:00, is higher than from animals sampled at 20:00 (unpublished data). Testosterone was quantified in plasma samples using the Coat-A-Count Total Testosterone RIA kit developed for humans. Previous work in our laboratory has validated the use of this assay for testosterone measurement in rodents -specifically the Syrian hamster [8] . For both corticosterone and testosterone assessments, all samples were run together in a single assay and the intrassay coefficients of variation (CV) were calculated from internal controls run in duplicate. The intrassay CVs were 9.2% and 22.7% for corticosterone and testosterone. The limits of detectability were 0.1 ng/ml for testosterone and 20 ng/ml for corticosterone.
Fos expression
After blood sampling, each animal was transcardially perfused with 0.9% saline (150 ml, room temperature) followed by 4% paraformaldehyde in saline (150 ml, chilled). After perfusions, brains were removed and placed in the fixative for 1 h, then transferred to a 20% sucrose solution. After saturation, each brain was sectioned through the preoptic area, hypothalamus, and amygdala at 30 μm using a freezing microtome.
Every fourth section was processed for immunocytochemistry (ICC) for Fos. Brain sections were rinsed 6 times (10 min rinses) in phosphate buffered saline (PBS), then incubated in 5% normal goat serum (NGS; Vector) in PBS with 0.3% Triton-X (PBS-tx) for 80 min. After three 10-min rinses in PBS, brain sections were incubated in the primary antiserum, rabbit anti-Fos (Santa Cruz) at a concentration of 1:2000 in PBS-tx and 3% NGS with rotation for 18 h at 4°C. After 3 rinses, tissue was placed in the secondary antiserum, goat anti-rabbit (Vector) at a concentration of 1:200 in PBS-tx and 3% NGS for 80 min. The sections were then rinsed and incubated in the avidin-biotin complex (Vector Elite ABC kit) at a concentration of 10 μl/ml of each of the avidin and biotin reagents in PBS for 110 min. The sections were rinsed before treatment with the chromagen, 3,3′-diaminobenzadine (DAB; Sigma DAB tablets). Six 10-mg DAB tablets and 1200 μl nickel chloride (500 mM) were dissolved into 480 ml Tris buffer, and 960 μl of 30% hydrogen peroxide was added to this solution. The sections were allowed to incubate for 5 min. The tissue was rinsed and mounted onto gelatincoated slides. The slides were then dehydrated, delipidated, and affixed with coverslips using Permount (Fisher).
Fos-immunoreactive (Fos+) cell numbers were analyzed using an Olympus BX 60 light microscope (40× objective). The number of Fos+ cells in each brain region was counted using an optical grid (250 μm × 250 μm) placed over the brain region. Subnuclei of the amygdala were analyzed bilaterally, including the central amygdala (Ce), and the anterior and posterior portions of the medial amygdala (MeA and MeP). Cells in the lateral septum (LS) were counted by placing the grid over the "crescent septal nucleus" described in lab rats [9] . The cingulate cortex, paraventricular nucleus of the hypothalamus (PVN, parvocellular region), paraventricular nucleus of the thalamus (PVT; anterior, middle, and posterior PVT were each sampled), and centromedial nucleus of the thalamus (CMT) were also analyzed for Fos+ cell number. Fos+ cell number was counted bilaterally in 2 sections for each brain region, and averages of the two sections from each animal were analyzed. These brain regions were chosen for Fos analysis because (1) they have been shown previously to be responsive to stressors and novelty, (2) we can compare the effects of novelty found here with data from other species describing age-related changes in Fos induction, or (3) these areas are important in the behavioral and hormonal responses to stressors; one additional area, the Ce, was included as a negative control [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Statistical analyses
Behavioral data from the juveniles and adults were compared with t-tests. Hormone levels and counts of Fos+ cells were 2 . Serum levels of testosterone and corticosterone (ng/ml, mean ± SEM) in adult and juvenile grass rats. Testosterone was higher in adults compared to juveniles (*p = 0.0007) and no differences were seen between control animals and those that experienced a novel environment. Exposure to the novel environment significantly increased serum corticosterone levels, but only in the juveniles (**p b 0.05). subjected to a 2-way analysis of variance (ANOVA), with age (juvenile vs. adult) and testing condition (novel environment vs. control) as the independent variables. Differences between individual groups were determined using a Fisher's PLSD test. Differences were considered statistically significant if p b 0.05.
Results
Behavioral testing
No differences were found between adult and juvenile grass rats in their response to a novel environment over 10 min (for latency to emerge, t (22) = 0.012, p = 0.916; for duration of exploration, t (22) = − 1.001, p = 0.328; for number of entries, t (22) = 0.484, p = 0.633, and for fecal boli, t (22) = 0.139, p = 0.891; all tests were two-tailed). The latency to emerge from the home tube, duration of time spent exploring the novel environment, number of entries back into the home tube, and the number of fecal boli found in the testing arena in juvenile and adult grass rats are presented in Fig. 1. 
Hormone levels
Mean plasma testosterone concentration was significantly higher in adults compared to juveniles (F (1,41) = 13.616, p = 0.0007), but was not influenced by the novel environment (F (1,41) = 0.582, p = 0.4499) or by an interaction between these variables (F (1,41) = 0.053, p = 0.8191) (see Fig. 2 ). Plasma corticosterone was affected by age (F (1,39) =8.798, p=0.0051) and environment (F (1,39) = 4.949, p = 0.0320), but not by an interaction between these factors (F (1,39) = 2.148, p = 0.1475). Post-hoc tests revealed that among juveniles, exposure to the Fig. 3 . Mean (±SEM) numbers of Fos+ cells in brain regions in juvenile and adult grass rats under control conditions and after exposure to the novel environment; group means are based on averages of counts from the two sections analyzed for each animal. Numbers of Fos+ cells in the central amygdala (CeA) were unaffected by exposure to novel environment or by age. In the anterior portion of the medial amygdala (MeA), Fos expression was significantly greater in both juvenile and adult grass rats exposed to the novel environment compared to controls. In the cingulate cortex lateral septum (LS), and centromedial nucleus of the thalamus (CMT), Fos expression was higher in both juveniles and adults exposed to the novel environment, compared to controls, but the number of Fos+ cells was significantly greater in the juveniles compared to the adults. In the posterior portion of the medial amygdala (MeP), paraventricular nucleus of the hypothalamus (PVN), and paraventricular nucleus of the thalamus (PVT), novelty increased Fos expression only in juvenile grass rats. *Significantly different from adult controls (p b 0.05); **Significantly different from both the juvenile controls and from adults exposed to novel environment (p b 0.05). novel environment caused a significant increase in plasma corticosterone concentrations (see Fig. 2 ).
Fos expression
There were four general patterns of effects of age and testing condition on Fos expression in the different brain regions analyzed. First, in one region, the CeA, no effects of novelty or age were seen, nor was there a significant interaction between these two variables (F (1,44) = 0.038 for novelty, 6.322 for age, and 0.189 for the interaction, p b 0.05; Fig. 3 ). Second, in three brain regions (MeP, PVN, and PVT), Fos levels increased in response to novelty in juveniles but not in adults (Figs. 3 and 4) . In the MeP, the ANOVA showed a significant interaction between environment and age (F ( In a third set of brain regions (the LS, cingulate cortex, and CMT), baseline levels of Fos were the same in juveniles and adults and Fos rose significantly in both groups, but juveniles exposed to the novel environment showed more Fos expression compared to their adult counterparts. In the cingulate cortex, there was a significant interaction between age and environment on Fos+ cell number (F (1,44) = 9.266, p b 0.0001) and there were main effects of both age (F (1, 44) =9.364, p b 0.05) and novel environment (F (1,44) = 9.266, p b 0.05). Specifically, novelty increased Fos+ cell number in the cingulate region in both juveniles and adults, but the increase was greater in the juvenile grass rats (juveniles vs. adults in the novel environment: t = 4.61, p b 0.001). A similar effect was seen in the LS: a significant interaction (F (1,44) = 6.752, p b 0.05), as well as significant main effects of environment (F (1,44) = 95.985, p b 0.0001) and age (F (1,44) = 15.929, p b 0.001) were found. The novel environment increased Fos expression in the LS in both juveniles and adults, but the increase was to a higher level in the juveniles that in the adults (juveniles vs. adults in the novel environment: t =4.76, p b 0.001). In the CMT, a significant interaction was also seen between the factors (F (1, 44) =4.432, p b 0.05), as well as significant main effects of age (F (1, 44) =9.828, p b 0.01) and novel environment (F (1,44) = 25.505, p b 0.0001). Again, novel environment significantly increased Fos+ cell number in the CMT in both groups, and there were significantly more Fos+ cells in the juvenile animals compared to the adults exposed to a novel environment (juveniles vs. adults in the novel environment: t =3.79, pb 0.001).
Finally, increases in Fos expression after novelty were equivalent in juvenile and adult grass rats in one region, the MeA. Here, the number of Fos+ cells increased with novelty (F (1,44) = 37.818, p b 0.0001). Age had no significant effect on Fos+ cell number (F (1,44) = 0.181, p N 0.05), and no significant interaction was found (F (1,44) = 2.126, p N 0.05) . Fos+ cell number was increased after exposure to the novel environment similarly in juvenile and adult animals (see Figs. 3 and 4) .
Discussion
Behavior and hormones
The pattern of results obtained from this study shows that juvenile and adult grass rats were indistinguishable with respect to behavioral indices of stress, but were quite different with respect to neural and endocrine responses to a novel environment. Juveniles and adults took the same amount of time to emerge from shelter when placed in a novel environment and also to explore it, and they returned to their shelters with similar frequencies. In addition, fecal pellets, indicative of stress, were produced at equal rates. This pattern differs from that seen in lab rats and mice, in which fearful behaviors in a novel environment are higher in adults than in younger animals [1, 2, 20, 21] . The differences in the behavior patterns seen between grass rats and the other two species could reflect differences in methodology. Whereas the earlier studies used either the social interaction test or the elevated plus maze to evaluate exploratory behavior, we examined such behavior in a defensive-withdrawal test where animals were placed in a novel glass aquarium with a familiar enclosure from their home cage. Using the defensive-withdrawal test, Parfitt et al. [2] found that juvenile C57BL/6 mice emerged into a novel environment more rapidly than their adult counterparts. In the current experiment with grass rats, however, the defensive-withdrawal test was conducted with a familiar shelter with all of the odors of the home cage; an unfamiliar shelter was used in the earlier study with mice. The familiarity of the shelter may have helped buffer the effect of the novel environment on the behavior. Alternatively, the differences may reflect some feature of the natural history of these animals associated with the nature of the challenges with which young and old animals are typically confronted.
While behavior was indistinguishable between the two age groups, hormones were not the same. Levels of circulating testosterone were higher in adult compared to young grass rats, as expected, and were not affected in either group by the environmental manipulation. In contrast, patterns of corticosterone were quite different. Baseline levels of corticosterone were the same in juveniles and adults, but corticosterone increased in response to the novel environment in juvenile but not adult male grass rats (Fig. 1 ). This age difference could reflect a difference either in the threshold at which a novel environment elicits an adrenal response, or in the time course of the response. For example, both juvenile and adult animals may have experienced an immediate rise in corticosterone, but the hormone may have then declined to baseline levels within the hour among adults but not juveniles. An age difference in termination of the stress response occurs in lab rats, in which prepubertal and adult animals respond to 30 min of restraint stress with a similar initial rise in corticosterone but the hormone remains high for the next 60 min in juveniles, while it drops to baseline levels by 30 min in adults [22] . In one other study of restraint stress in lab rats, however, no difference in time course of the stress response between pre-and post-pubertal animals was observed [23] . The heightened level of adrenal activity seen here in juvenile compared to adult grass rats suggests that although their behavior did not differ in the novel environment, the juveniles became physiologically more prepared for a potential threat. Perhaps this difference in the coupling between behavior and physiology reflects the fact that while young animals are more vulnerable and less experienced than older ones, they must nevertheless explore environments unfamiliar to them. The heightened glucocorticoid levels presumably help prepare them for threats they might encounter.
Fos expression
Exposure to a novel environment did not elicit a Fos response in the CeA of either juveniles or adults, indicating that Fos responses observed in other brain regions were not simply a reflection of generalized activation of the brain by the novel environment. In addition, previous work has shown greater Fos induction within the CeA in response to acute physical stressors such as hemorrhage or immune challenge compared with psychological stressors such as restraint [10, 24] . Therefore, the absence of an increase in the number of Fos-ir cells within this brain region in response to the relatively mild stressor used here is not surprising. In most other brain regions examined, however, Fos was elevated in response to the stressor, and juvenile males had a greater response compared to adults. Specifically, the unfamiliar environment induced an increase in Fos in juveniles but not in adults in the MeP, PVN, and PVT. In three other areas -the cingulate cortex, LS, and CMT-the novel environment induced an increase in Fos in both age groups, but to a greater extent in juveniles compared to adults. In the MeA, Fos was induced to a similar extent in the two groups. This overall pattern of results demonstrates that the Fos response to the novel environment, like the hormonal stress response, is greater in juveniles than in adults, even though the behavioral response of juveniles is similar to that of adults.
Ours is not the first study to compare Fos-immunoreactivity in response to stress in juvenile and adult animals, and many investigators have examined the stress response in adolescence (reviewed in McCormick and Matthews [25] ). In rats, Kellogg et al. [11] have shown that in adult males Fos increases in numerous brain regions after 15 or 120 min of restraint stress whereas stress-induced Fos expression in juvenile males was primarily constrained to the parvocellular paraventricular nucleus; in that study, however, no differences were observed between juveniles and adults [11] . In contrast, Viau et al. [26] reported increased Fos expression in the parvocellular PVN in 30-compared to 60-day-old male rats in response to 30 min of restraint. Similarly, Romeo et al. [27] have recently demonstrated increased Fos expression in the PVN in juvenile compared to adult male rats following 30 min of restraint stress. Therefore, our results in the grass rat indicating juvenile males have increased neuronal activation after stress compared to adults appear consistent with the patterns seen in the laboratory rat.
A role for the PVT in the mediation of the stress response has been supported by many types of evidence [28] [29] [30] , and both the PVT and the CMT show an increase in Fos expression after exposure to stressful stimuli in adult lab rats [13, 16, 31] . This was the case for the CMT in both juvenile and adult grass rats, and in the PVT for juveniles only. The PVT may communicate stressrelated signals through its direct projections to the amygdala, a structure critical for the behavioral effects of environmental challenges that induce fear [16] . The heightened responsiveness of the PVT to stress in juvenile relative to adult grass rats raises the possibility that this structure provides different patterns of signals to the amygdala, especially the MeP, in the two groups of animals when they are placed into a novel environment. The two other regions of the amygdala examined here showed different patterns of Fos from that observed in the MeP. The MeA showed increases in Fos expression after the novel environment procedure in both adults and juveniles, while, as noted above, the CeA did not respond to the challenge in either adults or juveniles. Patterns of Fos expression within the different regions of the amygdala in response to a stressor in grass rats were similar in some ways to those seen in adult lab rats. Specifically, as was the case for grass rats, in lab rats the medial amygdala shows extensive Fos expression after a wide variety of stressful procedures [9, 31] whereas the central nucleus of the amygdala shows minimal Fos expression in response to an acute physiological stressor in adult rats [9, 10, 31] .
The cingulate cortex and lateral septum are both thought to be involved in emotional regulation [32] , and Fos is induced in both of these regions in adult lab rats exposed to stressful stimuli [9, 31] . In grass rats, the novel environment led to increases in Fos expression in these regions in both adults and juveniles, but the increase was greater in juveniles (Fig. 3) . These data provide further evidence that our manipulation does indeed heighten activity of brain regions involved in anxiety and fear. The patterns also suggest that although activity in the cingulate cortex and the septum is increased by exposure to a novel environment in both groups of animals, these regions are more responsive in the younger animals.
General conclusions
This experiment demonstrates that a novel environment can have a greater effect on hormonal and neural indices of stress in juvenile grass rats than in adult grass rats, even when their behavioral responses do not differ. The behavioral patterns seen here may reflect the fact that although young animals are more vulnerable than older ones, they must nevertheless develop exploratory behavior patterns that will enable them to obtain information about their environments. On the other hand, the differences in their neural and endocrine responses may reflect mechanisms that prepare the younger animals to face situations that are a greater threat to them than to adults. It is important to note that there may be other contexts that would represent a greater danger to adults, and would elicit a heightened response in them [1] . The developmental change in the responsiveness of these neural systems to contexts that represent varying degrees of threat to young and old animals remains an important issue for future investigation.
